In this work, we present the fundamentals of the estimation of the energy efficiency in an industrial coal boiler based in novel optical combustion diagnostics variables and several machine learning regression methods. The total radiation Rad t and flame temperature T f were considered. The inclusion of those variables allows to increase the overall performance in the estimation of the energy efficiency. The comparison in the performance of the tested methods for regression, suggest that Extreme Learning Machines in combination with Partial Least Squares for regression, lead to the best performance with a Pearson correlation coefficient R ≈ 0.7 in the test data set.
INTRODUCTION
Sustainability in the industry involves energy savings on the demand side, which is closely related to the energy efficiency maximization, by means of the real-time adaptation of the control variables. Minimization of the fuel consumption, energy losses and pollutants emissions are closely related to the maximization of the energy efficiency in industrial processes based on combustion, which is the most widely used energy transfer mechanism in the industry (Baukal (2010) ). Before the energy efficiency maximization is feasible, we need to continuously monitor this critical variable via field measurements or a model based prediction when direct measurements are not possible. In a coal boiler where the combustion allows the energy transfer and the production of steam and electricity, energy efficiency monitoring is realized via the ASMEPTC4 direct method (Rodgers et al. (2011) ) which needs as inputs the field measurements of oxygen concentration and temperature of the residual gas discharged to the atmosphere, made with a gas analyzer. Unfortunately, the gas analyzer can fail or be offline by a maintenance Smolarz et al. (2012) , which means an interruption of the energy efficiency monitoring, hampering its maximization and finally involving a sub-optimal operation from an energetic point of view.
Coal boilers represents 33% of the total sources of energy generation (see Bentsman (2016) ). In Chile and many other countries, coal boilers have a significant presence into the full electric generation system for industrial and residential use. Unfortunately, coal have a variable composition which affects the energy efficiency. Thus, operational conditions need to be permanently tuned to ensure the maximization of the energy efficiency and reducing the pollutants emission. To obtain more relevant information about the combustion instantaneous operation, combustion diagnostics via indirect variables is performed with field measurements realized with optical sensors (see Ballester and Garcia-Armingol (2010) ). The core of these measurements is the light emitted from the flame, which is intrinsically correlated to the combustion instantaneous operation (see Arias et al. (2011); Ballester and Garcia-Armingol (2010) ). Optical sensors used for this task are the CCD camera to obtain a flame image in relative intensity ( Sun et al. (2013 ( Sun et al. ( , 2011 ), or an absorption spectrometer to measure a flame spectra with absolute power per area units (see Arias et al. (2011) ). These types of passive optical sensors have high potentialities for industrial combustion diagnostics given by its low cost, operative robustness and fast installation. Their disadvantage is the non-intuitive interpretation of the measurements (Ballester and Garcia-Armingol (2010) ). Then, signal processing in the combustion diagnostics is mandatory to compute indirect variables correlated with the instantaneous process status. The combustion diagnostics variables provide field information surpassing the intrinsic delay of the gas analyzer measurements (see Smolarz et al. (2012) ), which can be used to improve the knowledge about the combustion instantaneous operation. We apply the combustion diagnostics variables in addition to a set of conventional process variables (air flow, coal flow and calorific power), to obtain a data based model which back up the energy efficiency monitoring when the gas analyzer is offline and direct method of energy efficiency monitoring is 1. INTRODUCTION Sustainability in the industry involves energy savings on the demand side, which is closely related to the energy efficiency maximization, by means of the real-time adaptation of the control variables. Minimization of the fuel consumption, energy losses and pollutants emissions are closely related to the maximization of the energy efficiency in industrial processes based on combustion, which is the most widely used energy transfer mechanism in the industry (Baukal (2010) ). Before the energy efficiency maximization is feasible, we need to continuously monitor this critical variable via field measurements or a model based prediction when direct measurements are not possible. In a coal boiler where the combustion allows the energy transfer and the production of steam and electricity, energy efficiency monitoring is realized via the ASMEPTC4 direct method (Rodgers et al. (2011) ) which needs as inputs the field measurements of oxygen concentration and temperature of the residual gas discharged to the atmosphere, made with a gas analyzer. Unfortunately, the gas analyzer can fail or be offline by a maintenance Smolarz et al. (2012) , which means an interruption of the energy efficiency monitoring, hampering its maximization and finally involving a sub-optimal operation from an energetic point of view.
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Copyright © 2017 IFACnot feasible. The task of back up a critical variable via a data based model is commonly known as "virtual sensing", which is accurately described for several applications in Kadlec et al. (2009) . The virtual sensing task use as inputs the measurements of operational flows, temperatures or pressures (Kadlec et al. (2009) ). From the "virtual sensing" data based approaches, machine learning methods are the most widely used, given by its high flexibility and low requirement of previous knowledge of the variables interactions.
The contribution of this paper is to obtain an estimation model or "virtual sensor" to back up the energy efficiency when the gas analyzer is offline and the direct method is not available. An additional contribution is a novel fusion of conventional process variables, with a set of combustion diagnostics variables, to improve the estimation accuracy. We compare the performance of several data based methods to calculate the estimation of the energy efficiency, with a data set recorded in a 577 megawatt (MW) thermal power industrial coal boiler.
COMBUSTION DIAGNOSTICS FUNDAMENTALS AND COAL BOILER DATA
At the core of any combustion process there is a flame, whose chemiluminescence provides information about critical aspects of the combustion, such as: energy efficiency, fuel consumption or pollutants emissions Ballester and Garcia-Armingol (2010).
To measure the flame spectra and calculate the optical combustion diagnostics variables, we propose the field implementation of a spectrometer, which provides information of the flame spectra in absolute light energy units and a discretized form. The measured flame spectrum, E f , is considered as the sum of a continuous and a discontinuous component, as in Arias et al.
:
Variable k represent time dependence. The continuous spectra E cont (k, λ ) represents energy distributed in wide bands of wavelengths and it is observed as the visible region in the chemiluminescent flame. The area under the curve of continuous component E cont (k, λ ) it represents total emitted radiation, related to the amount of heat released by the combustion to the process Garces et al. (2016) . The discontinuous spectra E disc (k, λ ) represents energy emitted around narrow bands region of wavelengths, given by free radicals formation, grouping at specific bands, such as OH * , CH * , C * 2 , at 309 nm, 430 nm, 515 nm, respectively Arias et al. (2011) . Previous works establish that free radicals variability measured in absolute intensity can be used as combustion diagnostics variables after to apply a baseline correction method to calculate and accurate estimation of E disc (k, λ ) (Arias et al. (2011)). Unfortunately, free radicals measurement is highly sensitive to the baseline estimation method, deviating measured from real values in some cases. Moreover, high concentration of hydrogen in the fuels or variability in the flame's volume fraction deviates the estimation of E disc (k, λ ) (Garces et al. (2016)). Then, optical variables for combustion diagnostics must be calculated in preference with information of the continuous component of the flame spectra E cont (k, λ ), or an accurate estimation E cont (k, λ ) ≈Ê cont (k, λ ) as presented in Garces et al. (2016) . In our case, we computes the combustion diagnostics variables of total radiation Rad t and flame temperature T f , by using flame measurements realized by a spectrometer and described as follows.
Optical combustion diagnostics description
The Wien's Law for continuous flame radiation can be expressed as in eq. (2) where λ is the wavelength, c 1 = 1.176 · 10 −16 W ·m 2 is the first Planck's constant, c 2 = 1.438·10 −2 m·K is the second Planck's constant, ε f (λ ) is the flame emissivity and T f (k) is the flame temperature in Kelvin (see Arias et al. (2011) ).
If we consider that the whole flame volume fraction is measured by the spectrometer, flame emissivity ε f (λ ) it remains constant, we can assume that the radiation emitted by a flame at an specific wavelength λ 0 represents the continuous component of the spectra Rad(λ ) = E c (λ ). Moreover, the contribution of E disc (k, λ ) in the radiation measurement given by the narrow band radiant energy emitted is negligible as described by Garces et al. (2016) . Then, total radiation emitted by the coal flame is calculated as in eq. (3), where λ min and λ max are the wavelengths of lower and upper limits, according to the spectrometer resolution, respectively. Radiation is measured in watt per area units. From field measurements we obtain a mixed spectra as described in eq.(1), but applying a baseline estimation spectra method as described in Carvajal et al. (2016), we can obtain an accurate estimation of E cont (k, λ ) ≈Ê cont (k, λ ) to be replaced in eq.(3).
When slope variation is low in the spectral measurements of the flame spectra, it is possible to calculate the flame temperature with the two wavelengths method Luo and chun Zhou (2007) as in eq.(4), where λ i , i = {1, 2} are two arbitrary wavelengths measured from the flame spectra and E f (λ i , k) are their respective intensities at k-th time. Flame temperature is measured in Kelvin degrees. Flame temperature have been successfully used in combustion diagnostics (using CCD cameras Chen et al. (2013); Huang and Zhang (2011) ), but its calculation depends if the flame emissivity it remains constant, which is not possible to guarantee if we measure flame images with a CCD camera. If we measure flame spectra with a spectrometer as described in Garces et al. (2015), we calculate T f by replacing E f (λ j , k) byÊ c (λ 2 , k).
Coal boiler data set
We realized our study of energy efficiency monitoring in an industrial coal boiler of 577 MW thermal power with limited process variables recorded. In this case, we store the process historical database, time series data of the coal flow in tons/hour units, air flow in tons/hour and calorific power of the coal in kcal/kg. Figure 1 shows the models adaptation or training data set, including the process variables of coal and air flow, calorific power, our proposed optical variables of total radiation Rad t , flame temperature T f and our target variable of energy
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